Mass-produced multi-walled carbon nanotubes (MWNTs, which ), under the conditions of charging up to 3.5V and discharging at a current density of 10mA/cm 2 . Interestingly, for this MWNT (VGNF ® ), selective attack on its amorphous carbon impurity has also been observed, as demonstrated from both SEM observations and Raman spectra. Consequently, the results of this study will provide insight into the potentiality of using MWNTs for EDLC electrodes, which would enable the cheapest production cost among the various types of carbon nanotubes.
Introduction
Much work has been done over the past decades, both on the fundamental side and on the technological development of materials with high performance for use in electric double-layer capacitor (EDLC) electrodes. In the development of EDLCs, it is very important to note that these materials, which are used as an electrode, significantly contribute to increase the performances of EDLCs. Amongst the various carbon candidate materials for use in EDLC . They have focused on the high surface area availability, low resistivity, and high stability of CNTs. With these CNTs, they were able to obtain a gravimetric capacitance of 102 F/g at 1 Hz on a single cell device, employing 38 wt. % sulfuric acid in an aqueous electrolyte. Two years later, Liu et al. [2] reported an excellent result of 283 F/g using single-wall carbon nanotubes (SWNTs) with a nonaqueous electrolyte (0.1 M TBAPF 6 /acetonitrile) with a conventional three-compartment system. The calculation method of the capacitance measurement involved using a cyclic-voltammogram at a scan rate of 50 mV/s.
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Submitted to Applied Physics A Attempts to produce EDLC electrode materials based on CNTs can be divided into three nanotube categories: 1) SWNTs [2, [5] [6] [7] [8] , 2) MWNTs [1, 3, 4 ] and 3) modified CNTs with activation [9] , and coating the nanotube with a conducting polymer, such as poly(pyrrole) [10, 11] , poly(aniline) [12, 13] and poly(thiophene) [14] .
With respect to mass production, the high cost for manufacturing of CNTs is considered as a problematic drawback for practical applications. Thus, the capacitance behavior has been examined for such a MWNT (VGNF ® ) which has been manufactured by mass production methods and already is on the market. Mass production will inevitably reduce production costs.
Unfortunately, it is not easy to apply the VGNF ® to EDLC electrodes directly to EDLCs systems, since they have quite a small specific surface area (SSA) (ca. 20 m 2 /g). Therefore, we tried to use activation in order to obtain a sufficient specific surface area by using a chemical reagent (KOH). Furthermore, the diameter of these fibers could be controlled by the amount of catalyst added (ferrocene) during the synthesis. VGNF ® has an average diameter about half (ca.
80 nm) that of VGCF ® which is the one trademark of SDK.
In this work, we show the structural variations as a function of KOH addition of the mass-produced MWNTs with smaller size in diameter. Consequently, it could be confirmed that the structural variations are correlated with the capacitance uptake of each sample.
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Experimental

Description of the manufacturing process of VGNF and their activation with KOH
Recently, SDK have developed a MWNT (VGNF ® ) with an average cross-sectional diameter of 80nm. On the completion of 10 ton/yrs mass production capability, SDK will now step up its effort to develop the mass production of VGNF ® which is a trademark of Showa Denko K. K. (SDK). In this study, this mass produced multi-walled carbon nanotube (MWNT), is used as an active material for EDLCs. This MWNT is prepared by mass production using a floating reactant method [15, 16] . The mass production inevitably reduces the production costs.
Furthermore, the diameter of these fibers can be controlled by the amount of catalyst added (ferrocene) during the synthesis. In order to obtain a sufficient specific surface area, an activation process was added using a chemical reagent (KOH). The activation was carried out at a fixed rate (5 /min) in a argon flow (200 ml/min), and each sample was maintained for 1 h at 800 . After activation, the sample was cooled in an inert atmosphere. The samples obtained were washed with deionized water to eliminate the remaining KOH, and, finally, they were dried at room temperature. The mixing ratio was varied from 1 to 5 (=KOH/VGNF ® ). The samples were designated by the amount of KOH addition for the activation process, e.g., VGNF-KOH 100 is the sample activated with 100wt. % of KOH using VGNF ® as a host carbon material.
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Characterization
The nitrogen adsorption isotherms were measured at liquid-nitrogen temperature using an ASAP 2010 instrument (Micromeritics, USA). The specific surface area was determined using the multi-point Brunauer-Emmett-Teller (BET) method. Moreover, the pore volume, pore diameter, and pore size distribution were obtained using a variety of other methods. Raman spectra were taken at room temperature under ambient conditions using a Kaiser optical system (RamanRXN system, USA). The excitation source was a 514.5nm Ar-ion laser and the optical power at the sample position was maintained below 5 mW. The spectra were averaged over three scans to improve the signal-to-noise ratio, and the data were corrected for the spectral 
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Capacitance measurement
In the electrochemical experiments, a two-terminal system was used with no reference electrode, because almost all commercially packaged electrical capacitor devices have two-terminal systems with a symmetric configuration. Under this condition, of course, an overall evaluation of the two-electrode system is obtained, so that information on the behavior of each electrode interface is not available from such measurements. However, in practice, useful performance information regarding the charging and discharging capacity, the energy density and the power density of capacitor devices are easily obtained by means of two-terminal measurements [17] . Sheet type electrodes around 0.4 mm thick were made using 5wt%
poly-tetrafluoroethylene (PTFE) as a binder, and a glassy-carbon plate was used as a current collector. The test cell was fabricated using two of the electrodes face to face, with a separator inserted between them. 1M of tetraethylammonium tetrafluoroborate (TEABF 4 ) was used as an electrolyte in an organic solvent (propylene carbonate, PC). Charge and discharge cycles were performed at constant current, and the capacitance was obtained from the current density variation of the discharge (1~60mA/cm 2 ). The ESR (equivalent series resistance) was measured at 1 kHz with an alternating current.
Results and discussion
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Submitted to Applied Physics A In order to clarify the difference in diameter, the other mass-produced MWNT (VGCF ® ), prepared by the same method has been compared by means of electron microscopy. Figure 1 shows the overall morphology of as-grown VGCF ® and VGNF ® obtained using FE-SEM (a, b, respectively) and the highly magnified structure on an individual fiber using HR-TEM (c, d). As observed in figure 1 , the VGCF (150nm in average diameter) has much lager value than that of VGNF (80nm in average diameter) in diameter. In this figure, it is the difference in diameter that purposed to clarify between the both multi-walled carbon nanotubes, although the values obtained by TEM photographs showed ca. 30nm on VGCF and ca. 20nm on VGNF. Because the TEM observation is limited in very small area, it is not representative entirely of samples.
Therefore, the data supplied from the manufacturer were shown here. Figures 1 (a, b) were taken at a magnification of 10,000 times with 5kV of acceleration voltage. Regarding the SEM observation, distinctive differences in morphology were readily confirmed. VGNF ® has a relatively smaller diameter than that of VGCF and it contains many impurities, such as amorphous particles etc. Such a morphological difference is attributed to the growth kinetics of the synthesis process, which depends on the amount of catalyst employed. The differences on growth kinetics imply the probability of making contact among the catalyst particles and the feedstock to produce a carbon skeleton. In the floating reactant method, the growth mechanism of the fibers has been ascertained as consisting of two steps, one of formation and the other of 8 Submitted to Applied Physics A thickening [18] . The formation of fibers is initiated when the feedstock contacts the catalyst through mass transfer. For a small feeding content of catalyst, the possibility of such a contact is inevitably reduced. Therefore, before the thickening process consumes the feedstock or is self-assembled, amorphous particles are formed. It is well known that the VGCFs have a central tube [19] and that carbon nanotubes (CNTs) were reported by Ijima [20] . From HR-TEM observations, the studied MWNTs exhibit a pleated graphene layer, which is considered to be a turbostratic structure, in the longitudinal direction with a wide hollow canal. This demonstrates that the fine structure between them is very similar, but different in diameter. Because the smaller diameter can contribute to the higher specific surface area, we focused in this paper on the smaller MWNT with the brand name of VGNF. Submitted to Applied Physics A the mesopores. Moreover, the N 2 adsorption at a low relative pressure (<0.1 P/P 0 ) also gradually increases as a function of KOH addition, which resulted in a change from type IV to type II behavior. The development of micropores becomes prominent at a large KOH addition (more than 400 wt. %).
In Figure 3 , the mesopore size distributions calculated from desorption profiles, using the BJH (Barrett-Joyner-Halenda) method have demonstrated that the particular pore sizes of 4 nm in diameter continuously increased as the KOH addition increased. While there was no sharp peak based on adsorption isotherms, it was found that the very sharp peaks at 4 nm were induced by KOH activation. It can be imagined that this is due to the nitrogen molecules that are either introducing or leaving between the ordered graphene layers, which result in difference of surface tension between the adsorption and the desorption. Of course, it is not clear whether the adsorption or the desorption data should be considered to calculate the pore size. Some references have suggested adopting the desorption data as being more preferable for obtaining the pore size distributions, because the desorption process is more thermodynamically stable than the adsorption process.
The fundamental BET properties of the MWNTs as a function of KOH addition are summarized and compared in Table 1 . As can be seen, KOH addition is quite effective to improve the specific surface area (SSA). The resulting SSA at 500 wt. % of KOH addition is as order. All photographs were taken at a magnification of 10, 000 × on SEM and 250, 000 × on TEM In contrast that the herringbone type fibers [21] and MWNT prepared by hydrocarbon decomposition of acetylene on cobalt supported on silica [22] , MWNTs used in this study maintain their fibrous morphology even through the addition of 500 wt. % of KOH. Notice that significant amounts of the impurity carbons that are present in the as-grown MWNTs have been consumed after KOH activation. This phenomenon has also been reported by Beguin et al. [23] using NaOH as a chemical agent for activation. The fine structure of the fiber surface is also illustrated, namely that the diverse defects on MWNTs gradually increase with increasing KOH addition. The VGNF-KOH 500 shows relatively large defects, and drastically narrowed fiber diameters along the cross-sectional direction were confirmed. The defects present on the carbon skeleton structure contribute to the variations seen in the Raman spectra.
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Submitted to Applied Physics A In Figure 5 , room temperature Raman spectra of chemically activated MWNTS are shown.
Two conventional G (~1580cm -1 ) and D (~1360cm -1 ) peaks appear in the first-order spectra.
Thus, the vibrational characteristics of carbonaceous materials exhibited in these Raman spectra allow distinct features to be identified [24, 25] . Using a Lorentzian fit to these data, the relative ratio (R) of the integrated intensities for the D and G lines and the lateral extent of the graphene layers have been calculated [26] . The results are shown in Although the variation of R as a function of the KOH addition is gradual (0.87 and 0.83 on the 100 and 500 wt. % of KOH addition, respectively), the large differences between the as-grown and the activated MWMT is clearly confirmed (1.03 and 0.87 on the as-grown and 100 wt. % of KOH addition, respectively). This interesting phenomenon is ascribed to the preferential attack of KOH on the amorphous carbon structures that exists abundantly on as-grown MWNTs, as demonstrated in the SEM observation in Figure 4 . Differences between the as-grown and KOH-activated samples in the first-order Raman spectra are hardly distinguishable. On the other hand, the result from the 200 wt. % addition of KOH starts to show a shoulder on the G peak
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Submitted to Applied Physics A due to the D´ peak at 1620 cm -1 , which is attributed to structural defects [27] . and gray symbols refer to a 10mA/cm 2 . As for MWNTs charged to 2.5V (Figure 8(a) ), MWNTs show a nearly linear increase in the gravimetric capacitance (F/g) as the KOH addition is increased. The final resulting capacitance of the VGNF-KOH 500 (ca. 14 F/g) shows an enhancement on the capacitance uptake compared to that of the as-grown fiber (ca. 2 F/g).
Furthermore, the effect of the discharge current density on the capacitance uptake is nearly negligible as for charged up to 2.5V. Considering the charge behavior up to 3.5V (Figure 8 (b) ), the overall features of the capacitance uptake curves are quite different. Initially, the increasing rates of capacitances are increased by a factor of 3 to 4 at 1 mA/cm 2 and 10 mA/cm 2 , respectively. The increasing features are also changed from linear to concave behavior as a function of KOH addition. Secondly, the effect of the current density on capacitance uptake is somewhat enhanced. The higher the current density that is applied on discharge, the higher the capacitance that is obtained. The enhancement of the capacitance uptake by using a higher
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Submitted to Applied Physics A charging voltage can be attributed to micropores created by the KOH activation. i.e., ions dispersed in the solvent are forced into the pores, thus contributing to increasing the capacitance. Figure 9 represents the variation of the specific capacitance per unit area (µF/cm 2 ) as a function of KOH addition for both series of samples. The symbols used here are the same as those in Figure 8 . The capacitances per unit surface area that are permitted here allow comparing our results with the results from references [28] , and the specific capacitance implies the ion accessibility into the porous structure [29] . The specific capacitance per unit area is preferred for the evaluation of the validity of the effect of the surface area on the capacitance uptake. To compare the results obtained from a conventional three-compartment system, the values shown here must be multiplied by 4, because all the present measurements were carried out under a symmetric two-electrode system [30] . As for the 2.5V charge data (Figure 10(a) ), the effect of the current density is negligible, except for the case of as-grown fibers. The
MWNTs show small decrease in their capacitances per unit area after the activation with KOH, and they exhibit almost the same values, lying in the range 4.5-7.7 µF/cm 2 . However, the behavior is changed in the results shown for 3.5V. Firstly, all the values are significantly enhanced by factors around 4 on the maximum and about 1.5 times on minimum (as-grown).
Next, the effect of the current density features prominently in their capacitance uptake, which
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Submitted to Applied Physics A has a difference of about 2µF/cm 2 over the overall range. In the as-grown samples, the capacitance decreased with increasing current density. Finally, the maximum capacitance is obtained after the activation. The capacitance based on unit area exhibits a maximum of 19 µF/cm 2 (which is equivalent to 76 µF/cm 2 . Such a high value can be attributed to the edge exposure of the graphitic lattice as demonstrated from the Raman spectra.) at a 200wt. % KOH addition. As was mentioned in Figure 8 , these enhancements in the capacitance uptake at higher charging voltage are attributed to the micropores created by KOH activation. Furthermore, good accessibility to these surfaces on MWNTs and the edge exposure induced by KOH attack greatly contribute to such a high specific capacitance per unit area.
Conclusion
This study has investigated the structural variations resulting from KOH activation of MWNTs manufactured by a mass production process and their capacitance behavior has been Figure captions .
